Introduction {#Sec1}
============

Due to their analytical intractability, many investigations of large networks of model neurons involve extensive numerical simulation \[[@CR1]--[@CR4]\]. Without any detailed knowledge of the connectivity between neurons, one might assume the simplest form of connectivity: all-to-all. One might also (again, for simplicity) assume that the neurons are identical. Typically such highly-symmetric networks have as attractors either perfect synchrony or more general synchrony, in which neurons follow the same periodic orbit, but with phase shifts between them. Other possible attractors are cluster states in which some subsets of neurons are perfectly synchronised, or partial synchrony in which individual oscillators show quasiperiodic behaviour while the network as a whole is periodic \[[@CR5], [@CR6]\]. The possible dynamics of such networks can be very complicated due to the symmetry of the system \[[@CR7], [@CR8]\].

Perfect synchrony corresponds to a form of dimension reduction, since the network is effectively replaced by a single self-coupled neuron. However, the stability of this state depends on the linearisation of the full dynamics around it. In this paper we use another form of dimension reduction, the Watanabe/Strogatz (WS) ansatz \[[@CR9], [@CR10]\], applicable to all-to-all coupled networks of identical phase oscillators. For the ansatz to be applicable, the velocity field of an oscillator has to contain only the first harmonics of the phase variable. The theta neuron \[[@CR11], [@CR12]\] is such a model oscillator.

The derivation of a network of coupled phase oscillators from a general weakly-coupled network of oscillators is well known \[[@CR7], [@CR13], [@CR14]\]. Unlike those derivations, the equation for a theta neuron, involving just one phase variable, is the normal form of a saddle-node-on-a-circle (SNIC) bifurcation, and will thus describe all neurons undergoing this bifurcation, at least in some neighbourhood in a parameter space of the bifurcation. Such a bifurcation leads to the neuron being of Type I \[[@CR15], [@CR16]\], i.e. capable of firing at arbitrarily low frequencies.

A number of previous authors have used the WS ansatz in order to study the dynamics of networks of identical all-to-all coupled phase oscillators, but the underlying oscillator models used have been of Kuramoto \[[@CR17], [@CR18]\] or Kuramoto--Sakaguchi type \[[@CR19]--[@CR21]\], or Josephson junctions \[[@CR22], [@CR23]\]. We will build on these results, but to the best of our knowledge, this is the first application to theta neurons.

The structure of the paper is as follows. In Sect. [2](#Sec2){ref-type="sec"} we consider instantaneous synaptic transmission between neurons, and in Sect. [3](#Sec12){ref-type="sec"} we consider delayed synaptic transmission, where the delay is due to synaptic processing. Section [4](#Sec17){ref-type="sec"} discusses four other related types of model neurons, whose networks can be analysed in a similar way to that in Sect. [2](#Sec2){ref-type="sec"}. We conclude in Sect. [5](#Sec22){ref-type="sec"}.

Instantaneous Synapses {#Sec2}
======================

In this section we consider instantaneous synapses in the sense that the synaptic input to a neuron, in the form of a current, depends on the present state of the neurons which are connected to it.

Derivation of Equations {#Sec3}
-----------------------
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                \begin{document}$\{\psi_{k}\}$\end{document}$ such that both ([4](#Equ4){ref-type=""}) and ([8](#Equ8){ref-type=""}) hold \[[@CR9]\]. "Usually" refers to solutions for which fewer than half of the neurons have exactly the same state. This rules out full synchrony, which is often a state of interest; however, we can understand the fully-synchronous state by simply considering the behaviour of one self-coupled neuron. We will use ([8](#Equ8){ref-type=""}) unless specified otherwise.
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Infinite *N*, Equally-Spaced Constants {#Sec4}
--------------------------------------

We now consider the case of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$N=\infty$\end{document}$ with uniform density of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\psi_{k}$\end{document}$. Thus we are interested in solutions of ([20](#Equ20){ref-type=""}), written as $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \frac{dz}{dt}=i(\eta+\kappa I+1)z+i(\eta+\kappa I-1) \bigl(1+z^{2} \bigr)/2, $$\end{document}$$ where $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ I=3/2-(z+\bar{z})+ \bigl(z^{2}+\bar{z}^{2} \bigr)/4. $$\end{document}$$ Note that ([21](#Equ21){ref-type=""})--([22](#Equ22){ref-type=""}) are invariant under $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$(z,t)\mapsto(\bar{z},-t)$\end{document}$, i.e. simultaneous reflection in the real axis and reversal of time. This has a significant effect on the possible dynamics.

### Excitatory Coupling {#Sec5}

First consider $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\kappa=1$\end{document}$. From setting $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$d\rho/dt=0$\end{document}$ in ([5](#Equ5){ref-type=""}) and recalling that *H* is imaginary, we find two sorts of fixed points of ([21](#Equ21){ref-type=""})--([22](#Equ22){ref-type=""}): (i) those with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\rho=1$\end{document}$ and (ii) those with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\varPhi=0$\end{document}$. From ([6](#Equ6){ref-type=""}), those with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\rho=1$\end{document}$ satisfy $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0=\omega+\operatorname{Im} \bigl[\mathrm{He}^{-i\varPhi} \bigr]=\eta+\kappa I+1+(\eta+\kappa I-1) \cos{\varPhi}, $$\end{document}$$ where $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ I=3/2-2\cos{\varPhi}+\cos{(2\varPhi)}/2. $$\end{document}$$ These solutions are plotted in Fig. [1](#Fig1){ref-type="fig"}(a). Note that these solutions can be found directly from ([1](#Equ1){ref-type=""})--([2](#Equ2){ref-type=""}). For identical neurons, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\rho=1$\end{document}$ corresponds to full locking, so all $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\theta_{i}$\end{document}$ are equal to *Φ* and a simple trigonometric identity gives ([24](#Equ24){ref-type=""}) from ([2](#Equ2){ref-type=""}). Fig. 1(**a**): Fixed points of ([21](#Equ21){ref-type=""})--([22](#Equ22){ref-type=""}) with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\rho=1$\end{document}$. Solid: stable, dashed: unstable. (**b**): Fixed points of ([21](#Equ21){ref-type=""})--([22](#Equ22){ref-type=""}) with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\varPhi=0$\end{document}$. Dash-dotted: focus, dashed: saddle. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\kappa=1$\end{document}$

Solutions of type (ii) with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\varPhi=0$\end{document}$ have $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$z=\rho$\end{document}$. From ([6](#Equ6){ref-type=""}), they satisfy $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0=\omega+\frac{1+\rho^{2}}{2\rho}\operatorname{Im}[H]=\eta+\kappa I+1+\frac {1+\rho^{2}}{2\rho}(\eta+ \kappa I-1), $$\end{document}$$ where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$I=3/2-2\rho+\rho^{2}/2$\end{document}$. These solutions (restricted to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$-1\leq \rho\leq1$\end{document}$ for physical reasons) are shown in Fig. [1](#Fig1){ref-type="fig"}(b). Two solutions are created in a saddle-node bifurcation as *η* is increased (at a negative value of *η*). One is a saddle whose eigenvalues sum to zero, and the other is a focus with purely imaginary eigenvalues; these properties result from the reversibility of the system \[[@CR31]\]. These fixed points correspond to *splay states* in which all neurons follow the same trajectory but are equally displaced from one another in time such that average quantities such as *z* are constant \[[@CR9], [@CR32], [@CR33]\]. Note that the solutions shown in Fig. [1](#Fig1){ref-type="fig"}(a) collide with the saddle solution in Fig. [1](#Fig1){ref-type="fig"}(b) at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$(\eta ,z)=(0,1)$\end{document}$.

A selection of solutions and the fixed points are shown in Fig. [2](#Fig2){ref-type="fig"}(a) for $\documentclass[12pt]{minimal}
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### Inhibitory Coupling {#Sec6}
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In summary, the dynamics of ([21](#Equ21){ref-type=""})--([22](#Equ22){ref-type=""}) is non-generic due to their reversible nature, which can lead to the existence of continuous families of neutrally-stable periodic orbits.

Finite *N*, Equally-Spaced Constants {#Sec7}
------------------------------------
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### Fixed Points {#Sec8}
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In terms of the original system ([1](#Equ1){ref-type=""})--([2](#Equ2){ref-type=""}), the periodic orbit shown in Fig. [4](#Fig4){ref-type="fig"} corresponds to a periodic orbit with all Floquet multipliers having magnitude 1, i.e. completely neutrally stable. Two of the multipliers are a complex conjugate pair corresponding to the rotation seen in Fig. [2](#Fig2){ref-type="fig"}, while the remaining $\documentclass[12pt]{minimal}
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### Other Orbits {#Sec9}

Consider the continuous family of periodic orbits which exist in the infinite-*N* case for $\documentclass[12pt]{minimal}
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Summary {#Sec11}
-------

In summary, for instantaneous synapses of the form studied here, there may be continuous families of periodic orbits (for drive $\documentclass[12pt]{minimal}
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Note that if the system is bistable (for excitatory coupling and sufficiently small negative drive *η*), then even for fixed initial values of $\documentclass[12pt]{minimal}
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Synaptic Dynamics {#Sec12}
=================

We now consider including some synaptic processing, which amounts to delaying the synaptic input, still in the form of a current input. We thus replace ([2](#Equ2){ref-type=""}) with $$\documentclass[12pt]{minimal}
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Infinite *N*, Equally Spaced Constants {#Sec13}
--------------------------------------

Repeating analysis as in Sect. [2.1](#Sec3){ref-type="sec"}, we now have $$\documentclass[12pt]{minimal}
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                \begin{document} $$\begin{aligned} \tau\frac{dI}{dt} & =3/2-(z+\bar{z})+ \bigl(z^{2}+ \bar{z}^{2} \bigr)/4-I. \end{aligned}$$ \end{document}$$ Fixed points of this pair of equations are the same as those of ([21](#Equ21){ref-type=""})--([22](#Equ22){ref-type=""}), but the stability of some of them has changed. Fixed points of type (i) shown in Fig. [1](#Fig1){ref-type="fig"}(a) gain another negative eigenvalue. The focus fixed point shown in Fig. [1](#Fig1){ref-type="fig"}(b) becomes stable, while the saddle fixed point in that figure remains a saddle, but with two stable directions. The continuum of periodic solutions shown in both panels of Fig. [2](#Fig2){ref-type="fig"} is destroyed, and the system has either one stable fixed point, or two (in the region of bistability for $\documentclass[12pt]{minimal}
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                \begin{document}$\eta<0$\end{document}$ but not too negative). In terms of attractors, ([29](#Equ29){ref-type=""})--([30](#Equ30){ref-type=""}) show what one would expect from an excitatorily self-coupled network. We have stable quiescence for large negative drive, bistability between quiescence and an active splay state for small negative drive, and a stable splay state for positive drive.

For the case of inhibitory coupling, fixed points of type (i) shown in Fig. [3](#Fig3){ref-type="fig"}(a) gain another negative eigenvalue (as for excitatory coupling). The focus fixed point in Fig. [3](#Fig3){ref-type="fig"}(b) now has one stable direction and two unstable ones. The continuum of periodic orbits seen for $\documentclass[12pt]{minimal}
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Finite *N*, Equally Spaced Constants {#Sec14}
------------------------------------

As was found in the case of instantaneous synapses, solutions with $\documentclass[12pt]{minimal}
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Finite *N*, Unequally Spaced Constants {#Sec15}
--------------------------------------

Here we distribute the constants $\documentclass[12pt]{minimal}
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Summary {#Sec16}
-------

In summary, adding synaptic dynamics of the form examined in this section destroys the reversibility of ([21](#Equ21){ref-type=""}) and thus the non-generic behaviour of solutions of that equation. In terms of attractors, ([29](#Equ29){ref-type=""})--([30](#Equ30){ref-type=""}) show what one would expect from a self-coupled network. The only effect of having finite *N* is to add small fluctuations to the stable splay state.
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Other Similar Models {#Sec17}
====================

In this section we discuss several similar models and consider the case of identical oscillators.

Gap Junction Coupling {#Sec18}
---------------------

Here we consider a network of all-to-all gap junctionally coupled theta neurons. Laing \[[@CR25]\] showed, using the equivalence of a theta neuron and a quadratic integrate-and-fire neuron \[[@CR35]\], that a network of *N* identical gap junctionally coupled theta neurons can be written as follows: $$\documentclass[12pt]{minimal}
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For large and negative *I*, the fixed points with $\documentclass[12pt]{minimal}
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Conductance Dynamics {#Sec19}
--------------------

Coombes and Byrne \[[@CR36]\] considered a model in which synaptic input was in the form of a current, equal to the product of a conductance and the difference between the voltage of a quadratic integrate-and-fire neuron and a reversal potential. A particular case of their model can be written as follows: $$\documentclass[12pt]{minimal}
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We note that this model does not have the reversibility of that in Sect. [2](#Sec2){ref-type="sec"}, and thus none of the non-generic behaviour seen there. The analysis of this model for finite *N* should be similar to that in Sect. [3](#Sec12){ref-type="sec"}, but we do not present the results here.

Winfree Model {#Sec20}
-------------
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QIF Neurons {#Sec21}
-----------

The correspondence between a theta neuron and a quadratic integrate-and-fire (QIF) neuron is well known \[[@CR11], [@CR25], [@CR41]\]. Thus, some of the degenerate behaviour seen here in the networks of identical theta neurons should also appear in all-to-all coupled networks of identical QIF neurons \[[@CR32]\]. Consider the network in \[[@CR41]\]: $$\documentclass[12pt]{minimal}
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Note that while ([52](#Equ52){ref-type=""}) is synaptically driven by the instantaneous rate *r*, the network ([1](#Equ1){ref-type=""}) is driven by the average of the pulse-like functions in ([2](#Equ2){ref-type=""}). However, replacing $\documentclass[12pt]{minimal}
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Discussion and Conclusion {#Sec22}
=========================

In conclusion, we studied finite and infinite networks of identical all-to-all coupled theta neurons, with both instantaneous and delayed synaptic interactions, and several related models (gap junction-coupled theta neurons, theta neurons with conductance dynamics, Winfree oscillators and quadratic integrate-and-fire neurons). For all models, the WS ansatz gives a reduced description of the model in terms of three ODEs and a set of constants. Changing these constants while keeping the initial conditions of the WS variables fixed gives different dynamics in the original models, and thus there is a continuum of such solutions. For instantaneous synapses, even keeping the constants fixed, there can be many solutions, due to either the reversibility of the dynamics of the WS variables, or the coexistence of many quasiperiodic orbits. It is only this case, of instantaneous synapses, which seems non-generic. Adding synaptic processing destroys this reversibility, and none of the other models (gap junction-coupled theta neurons, theta neurons with conductance dynamics or Winfree oscillators) have such a reversibility.

We have considered identical sinusoidally-coupled oscillators, for which the WS ansatz \[[@CR9]\] gives the correct description in the form of the three ODEs ([5](#Equ5){ref-type=""})--([7](#Equ7){ref-type=""}), together with the constants $\documentclass[12pt]{minimal}
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                \begin{document}$\{ \psi_{k}\}$\end{document}$. This is an idealisation, so we should discuss the case of non-identical oscillators. For an infinite number of non-identical oscillators, one can consider the continuity equation governing the evolution of the probability density of the phases \[[@CR9], [@CR26], [@CR29]\]. Solutions of this decay onto the Ott/Antonsen (OA) manifold, on which their dynamics can be found using the OA ansatz \[[@CR24]--[@CR26], [@CR29], [@CR30], [@CR37], [@CR42], [@CR43]\]. The OA equations are simpler than those resulting from the Watanabe/Strogatz ansatz: only a pair of real equations are needed to describe ([1](#Equ1){ref-type=""})--([2](#Equ2){ref-type=""}) when the value of *η* for each neuron is different, for example, rather than ([5](#Equ5){ref-type=""})--([7](#Equ7){ref-type=""}) and $\documentclass[12pt]{minimal}
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                \begin{document}$\psi_{k}$\end{document}$, for example. However, there remains a gap: is there a dimension reduction applicable to finite networks of non-identical sinusoidally-coupled oscillators? See \[[@CR44]\] for ideas in this direction. Another approach is that of \[[@CR28]\] who consider a number of subpopulations, each of which has identical oscillators although parameters are different between subpopulations, and the WS ansatz can be applied to each subpopulation.

There are several extensions that could be performed using the ideas presented here. The first is time-dependant forcing of the network \[[@CR45]\]. As long as each neuron experiences the same force, the WS ansatz will apply. The second involves each neuron receiving common noise \[[@CR46], [@CR47]\]. Again, the WS ansatz will apply. We could also consider introducing a discrete delay in the synaptic processing, i.e. replacing $\documentclass[12pt]{minimal}
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                \begin{document}$\tau>0$\end{document}$. Another extension involves investigating a pair of populations of neurons, one excitatory and one inhibitory \[[@CR41]\]. Coupling these may result in a PING rhythm \[[@CR48]\], and if neurons are identical within each population, the coupled network may show interesting dynamics.

WS

:   Watanabe/Strogatz

SNIC

:   saddle-node on invariant circle

ODE

:   ordinary differential equation

QIF

:   quadratic integrate and fire

OA

:   Ott/Antonsen
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